INTRODUCTION
High intensity focused ultrasound (HIFU) is a noninvasive medical procedure during which a large amount of energy is deposited in a short duration which causes sudden localized rise in tissue temperature, and ultimately, cell necrosis. In assessing the influence of HIFU on biological tissue, semi-empirical mathematical models can be useful for predicting thermal effects. These models require values of the pressure amplitude in the tissue of interest, which can be difficult to obtain experimentally. One common method for estimating the pressure amplitude in tissue is to operate the HIFU transducer in water, measure the pressure amplitude, then multiply by a scaling factor that accounts for the difference in attenuation between water and tissue. This procedure can be accurate when the ultrasound amplitude is low, and the pressure trace in tissue is proportional to that in water. Because of this proportionality, the procedure for reducing the amplitude from water to tissue is called linear derating. At higher intensities, however, harmonics of the fundamental frequency are generated due to nonlinear propagation effects. Higher harmonics are attenuated differently in water and tissue (Hamilton and Blackstock [1] ), and the pressure waves in water and tissue are no longer proportional to one another. Techniques for nonlinearly transforming pressure amplitudes measured in water to values appropriate for tissue are therefore desirable when bioeffects of higher intensity procedures are being studied. These techniques are labeled "nonlinear derating". This paper describes a method for performing nonlinear derating in the case where the pressure (or intensity) of the HIFU beam may be adequately described by a Gaussian profile in the direction transverse to the propagation direction. In this preliminary, numerical study, the modal amplitudes in water are obtained from a propagation model rather from hydrophone measurements in water. The modal amplitudes in water are then transformed to modal amplitudes in tissue, and then summed to obtain a pressure wave in tissue. Results from this process are compared to direct simulation of the pressure wave in tissue using a propagation model.
METHODS
Propagation of HIFU beams under conditions common in HIFU medical procedures has been shown to be reasonably well described by the nonlinear Khokhlov-Zabolotskaya-Kuznetsov (KZK) equation (Hamilton and Blackstock [1] ). When the acoustic pressure for the propagating beam is expressed as a sum of modes having the Gaussian form: [2] showed that the KZK equation may be reduced to the following form: 1 Copyright © 2013 by ASME This work is in part a work of the U.S. Government. ASME disclaims all interest in the U.S. Government's contributions.
harmonic in tissue and water, respectively. is the peak pressure deviation at the transducer face. The '*' denotes complex conjugation, is the harmonic number, is the transducer focal length, is the scaled axial coordinate, G is the linear pressure gain, is the transducer frequency, is the reference frequency usually 1 MHz and is the coefficient of nonlinearity [2] . The acoustic absorption is proportional to the real part of parameter and the imaginary part of accounts for sound velocity dispersion in tissue. The relationship between absorption and frequency is given by ( ) ( ) , where for tissue, for water and is the acoustic absorption at the reference frequency .
Water pressure amplitudes were obtained by using the software HIFU_SIMULATOR [3] , assuming a Gaussian pressure profile at the transducer. (No assumption of a Gaussian shape was made for the propagating beam.) This software package solves the axisymmetric KZK equation using split-step algorithm in which the linear terms are calculated in the frequency domain, while the nonlinear term is calculated in the time domain. The nonlinear derating process for transforming the water amplitudes to tissue is as follows.
The derived water pressure amplitudes were first attenuated by ( ), where is the harmonic number and is the acoustic absorption for tissue, and then inserted into the right side of Eq. (3). The resulting linear, first-order equations could be easily solved to obtain the modal amplitudes in tissue. This decomposition was tantamount to assuming that nonlinear propagation effects, contained in the nonlinear, right side of (3), were adequately captured in water, even though the attenuation was not.
RESULTS
Computations were performed using the linear pressure gain of . This corresponds to a transducer with cm effective radius and cm focal length radiating at MHz. The transducer acoustic power ( ) was chosen as W. Material parameters included smallsignal sound speed m/s, mass density kg/m 3 , and attenuation dB/m in water, and m/s, kg/m 3 , dB/m in tissue. The results of the derating process were compared with the tissue pressure harmonics derived directly by HIFU_SIMULATOR. The modal amplitudes derived by both methods were summed (Eq. (1)) to obtain the pressure waveform in Fig. 1 . The difference between the tissue pressure amplitude at the focus determined by HIFU_SIMULATOR and the derating algorithm for the first, second and third harmonic is 0.1%, 8% and 29%, respectively. The small differences between the amplitudes show the efficiency of the derating method in estimating the pressure harmonics in tissue.
CONCLUSION
The nonlinear derating algorithm presented in this paper shows promise for converting pressure amplitudes measured in water to tissue values, which are much more difficult to measure. The fundamental equation, Eq. (3), can be applied without a Gaussian assumption, and will be applied next to non-Gaussian beams. This application will be performed next. Finally, the technique requires experimental confirmation, in which the modal amplitudes in water will be determined using hydrophone measurements of the time trace followed by an FFT. Derated pressure waveforms will be compared with waveforms determined by sensors implanted in tissue phantoms or ex-vivo tissue samples. 
